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Nulling With Limited Degrees of Freedom

i.  INTRODUCTION

An adaptive antenna reduces interference to a radar or communication syvstem
by placing a null in the far field antenna pattern in the direction ol the jamming
source, The adaptive antenna must be able to generate M nulls to cancel M jammers
in its environment, As long as the number of jammers is less than the number of
adaptive elements in a phased array, the necessary nulls can he theoreticaliy
generated., A fullv adaptive phased array has N elements, with an adaptive control
at cach element. In this case, the antenna has N-1 degrees of freedom to cancel
N -1 jammers,

Adaptive antennas ave useful in small comymunication arrays (4 to 10 elements).
The number of adaptive controls for such an array are small. As a result, the
added system cost and comiplexity is reasonable and is often worth the anti-jamming
«apabilitv.

Unlike commmunication arravs, radar phased arrays typically have hundreds or
thousands of elements, Making such a large phased arrav fully adaptive has several
drawbacks, First, the extra hardware makes the svstem very complicated, The
additional hardware also leads to the problem of increased costs, The expense of
developing, operating, and maintaining variable complex weights or receivers at
evervy element becomes exorbitant, A final problem is the adaptation time needed

{Received for publication 2 May 19§3)
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to cancel the jammers. Radars usually have tight Yime contraints due to dwell
time. Some adaptive algorithms use a random search to find the optimurn weight

values. The random search algorithms vary the signal at one ele nt at a noe to

arrive at the optimum antenna pattern. ‘This technim ks finee for small arvavs,
but takes a long time to converge on large arravs. (Mther atporithms forn: the sig
nal correlation matrix, then invert the matrix to find the opt 1 ¢ ochits, VYorm

ing and inverting the correlation imatrix of a large arrav requires nearsly perfedtly
matched receivers at each element, In addition, the mat=is iz very large and not

asily inverted.

Partial adaptive nulling offers solutions ro somte of the lems associated
with large fully adaptive arravs. e Unlike a fu adaptive arrav, the parctially
adaptive array only has T variable eontrols o auiling, wi 1 >0 ver
controls micans *t¢ svstert 1= less complex, 1 Aand faste [hese advantage
are zained nigh rific:ng "contro: abiiit W the antems bz fowy
idaptive weights n the sys<er the less the antenns can IREL Tiis lies
cwer jJammoers can be canceled, ani sidelobe jevels are haricr o ainiant, .
tradeott mes worthwhi e, sin o there ax snatly manvy m Leerr e he

rrav t feel ) dmers in the o e

‘Thi ot YRS @ ili sviathes:is wit imited degre Yres Nall

svuthesis differs from adantive nulfling, because null svnthe 1 the ‘ical, r

error y {redback procvess, while adaprive nulling emiplevs teedback 1o place

the nulls in spite of errars, Even though nulls synthesis cantnt be sractically aopli

to actual nhases arravs, it provides valuable insite into the adaptive process, Aleo,
the null svnthesis process described in the following pages can b= niade adaptive by
incorporating a beam orthogonalization procednre and an adaptive algorithe

Three different tvpes of nulling procedures will be discusser.  Each uses 3 frac-
tion of the total number of elements in the aperture to generate nutls. The tvpe of
procedure used depends uvon the antenna configuration, Tae first nalling rechnique
uses onlv a small portion of the total number of elements. These seleciod eleronts
have variable complex weights to change the amplitude and phase of the element’s
signal. A sccond technique places the variable complex weights at the antenna‘s sub-
arrav level., Thus, there is one conmiplex weight for every subarra-. The fipal nnl-
ling process puts the variable compl2x weights at the feed of 2 =pace-fed lens. FEach
of these null synthesis techniques has fewer degrees of fresdem avaiiable for

nulling, than number of elements in the aperture,

1. Chapman, D..J. (1976) Partial adaptivity [or the large arrav. |EEE Trans. on
Antenuas and Propagation, AP-24(No. 3):685-646, = S

2. Morgan, D, R. (1978) Parvtially adaptive arrav techaiques., iEFEI Trans, on
Antennas and Propagation, AP-26(No, 5):823-833, il
WAANANS
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2. NULLING WITH SELECTED ELEMENTS

A fully adaptive array has N variable controls for N elements, In most situa-
tions, the number of jammers is much less than the number of elements. The
logical conclusion to draw is to place only enough variable controls in the array to
adequately counter the worst expected jamming scenario. Selecting the proper
position and number of elements used in the nulling process determines how well a
jJammer can be cancelled, while keeping the antenna pattern intact.

The array in Figure 1 serves as the model for analyzing null synthesis with
selected elements in the aperture. Fach of the array elements has a phase shifter
for steering tlre main beam in the direction of the desired source. Element n has

a phase shitt of k l“ u_ where
s

k 2R/,

A wavelengath,

4 distance of element from center of array (in wavelengths),
u, sin et

lirection of source from boresite,

Behind vach phase shifter is o {ixed amplitude weight, These weights have values
corresponding to a distribution that gencrates low sidelobes in the far field antenna
puttern, Some tvpical amplitude distributions are Taylor, Chebychev, and cosine.
tlements ql, g2, ... gl have variable complex weights after the fixed amplitude
welghts,  These elements form the nulls in the far field antenna pattern. The vari-
able complex weights have values represented by 1 + L+ jﬁt for t=ql, q2, ... qT,
T <N, Linally, all N si1gnals are added together in the summenr to produce a total
output signal. When no jammers are in the environment, the total output signal is
the sum of the desired signal and internal noise at each element. When interference
appears in the environment, the total output signal is the sum of the desired signal,
noise, and interterence at each elenient. Changing the amplitude and phase of the
variable complex weights affects the total output signal of the array. The weights
cin be set at certain v:tlnc's so the interference signals cancel, while the desired

4 35
signal changes very little. -

3. Shore, R.A., and Steyskal, I1. (1983) Nulling in liinear Arrayv Patterns With
Minimization of Weight Perturbations, RADC-TR-82-32, AD Al118695.

4. Haupt, R.1.. (1982) Simmultancous Nulling in the Sum and Difference Patterns of
a Monopulse Antenna,

11
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The quiescent values of the array weiphts are

vy = xpj-jkd_u ], n= 20 oy . AR
n p CXPTIRG, s] o §

(1

Here, the vartable complex weights, 1+ o+ Bt are in their quiescent state

at = Bt = 0, Transforming the gquiescent weights to the far field results in the far

field pattern represented by
N

S(u) = ngl a, expljk dn-u - uS)].

(2)

When jamniers appear in the sidelobe regions, the variable complex weights

are adjusted to produce a null in the directions of the jammers. Now, the variable
complex weights in cascade with the phase shifters and fixed amplitude weights vield

wt = nt {1 +at+ JBt) expl-jkdtus] =gl Qr2 " SR

12

(3)
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The remaining N-T elements remain unchanged. Transforming the new array

weights to the far field produces an antenna pattern represented by
N

o | _ . . -
ST(u) = ngl an(l o +]ﬁn) exp| jk dn(u us)] (4)

a .8 =0when nfqt, t=1,2, ..., T.

This pattern has nulls in the direetions of the M jammers (9m). In other words,

S(u)=0 when u= u form=1,2, ..., M.

N qT
n.Zl ag exp|jk dn(um - us) + t;” a, (01t +3 t) exp| jk dt(um - us)] =N0 (5)
qT
Su ) s ;;1 a @ +§ 8 ) explikdgu_-u)]=0. (6)

Equation (6) is the sum of the quieseent pattern and M eanecllation beams. The sum
of the eancellation beams has the same amplitude ns the quiescent pattern at the
angle A'n“ but is 180° out vi phase.

In order to find the values fora . and 8 t that produee nulls in the direetions of
interference, we must solve 129. (6). This cquation is aetually a set of M simul-
taneous equations with T unknowns. Since there are more unknowns than equations,
no unigue solution exists for ot and Bt' Rearranging Q. (6) into the matrix form
AN = B vields

qt N
t;“ at(nf ol t) explik dt(um - us)] - n;l a, explik dn(um = us)] (7)

G exp|jk dql(ul - us)] ceeoAp expljk qu(u1 - us)]

A = : . (8)

aqlexpljkdql(um-u%) RRINE cxpl,}kdq (u_-~ul)]

T m s




- . -
- n; a, exp[jk dn(ul - us)]
B - : ) (10)
A i
. ngl a expljkd (u_-u)] d

. o .. 2 2 .
The least mean square solution of AN = B by minimizingo A= B o s

d N
x=al@ah)'n. (an
.'\Jr is the transposc complex conjugate of the mutrix A, Solving Eq. (11) for the
i
unknowns o and 3 in the matrix N gives
8
\I
Ay
o [ ‘
Y, - voooa eosfd (u - ! Ze M S No=m D &
M B A AR Mtt . |t g -y Ly (i
m i
Y

] [ R R il .

‘5t Z{ i =2 Tty SR S ST s[d Bl et (13
The varviable e and 7 e! dlEnien n the comples vector 3 defined t

i
L)

} A ! 1. LY
When all the adaptive elements are symmetrmeslly placed ahout the center of the
arrav, Y 1s a real mateix.

Fhe aveav vodeted on the compiter hod 20 clements with o =30 dB, n = 4

Favlor distitbution,  Figore 2 shows the arreav's quieseent far field pattern.

Seveeal runs were made using this array medel with two and four adaptive elements.
Che two miajor questions that need answers are which elements ave the best to

use and how many elements are neede@ to adequately pereform the nulling.

Fignres 3 to 9 show the far field patterns of the model using two adaptive ele-
ments ond o jammer wocated at 33°0 Aloag with each nulling pattern is the corres-
ponding cancellation besm superimposced on the quicscent far field pattern,  Watch-
ing the cancellation beam change as different clements are used for adaptation,

gives insite to pattern perturbations due to nalling.

When only two elements in the arveae are adaptive, they form an interferomcter.
When the adaptive clements are close togeiher, their vesulting cancellation beam is
a very broad pattern with only one null.,  The caneellution beam is the far field
pattern of two elements spaced M2 apurt. As the adaptive elements are moved

apart, the eancellation beam hus more peaks and nulls, The number of peaks and

14
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nulls increase until the last element on both ends of the array are used as the adap-
tive clements. At the extreme ends the cancellation beam has basically the same
ripple pattern as the quiescent pattern.

I'igures 3a to 4b show some computed results for symmetrically ptaced adaptive
elements 1n the arrav. The best results were ohtained when the last element on both
ends of the array were used for the adaptive elements. In that situation, cancellation
was achieved with little perturbation to the rest of the pattern. Symmetrical adaptive
elements result in a real Y matrix. The values for the variable complex weights
have the same amplitude, but opposite phases. Because ol these facts, the far field
pattern tends to cancel exactly and add together at diflevent angles, Thus, the new
antenna pattern has distinct nulls and the sidelebe structurve remains close to the
quiescent sidelobe structure.

Unsymmetrical adaptive elements produce « complex YV matrix, The cancellation
beam does not have decp nulls and high peaks. Instead. it is & wavsy pattern at about
the same level as the sidelobes. When the quiescent pattern nnd cancellation beams
are added togcether, the resultant pattern has "filled in nulls'. The pattern 1s still
cancelled at the desired points, but the entire sidelobe structure is distorted. lg-
ures 5a and 5h show examples of an antenna pattern and its associated cancellation
beam due to unsymmetrical adaptive elements.

The conclusions drawn in the two adaptive element cases apply to arrays with
more adaptive elements. Unsyvmmetrical adaptive elements have a complex Y
matrix and tend to fill in the nulls, Syvmmetrical adaptive elements keep the side-
lobe structure close to the quiescent sidelobe structure,  Some of the results ob-
tained with four adaptive elements are shown in Figures 7a to Yb. Syvmmetrically
placing the jammers at both ends of the arvay give the best results.  However,

generating up to T-1 adaptive nulls is possible using any combination of T adaptive

elements. Tuable t lists the array weights for I'igures 2 through 9a.
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Adaptive Controls at Elements 9 and 11 and a
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Elements 9 and 11




R
E h
L
A
T
1
v
£
P
0
W
£
R
1 1
N

1
D
8

A - i
-80 2 t op

AZIMUTH ANGLE IN DEGREES

Figure 6a. Far Field Pattern Resulting I'rom
Adaptive Controls at Elements 1, 2, 19, 20 and
a Jammer at 33°
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Adaptive Controls at Elements 2, 4, 10, 17
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Table 1. Product of Taylor Distribution and Variable Complex Weights of
Figures 3a to 9a

When asmplitude and phase valucs are not listed, they are assumed to be the
same as the quiescent values, Phases in radians and amplitude values
normalized to peak amplitude of quiescent weights.

Element Quiescent Figure 3a Figure 4a Figure 5a
Amp Ph Amp Ph Amp Ph Amp Ph
1 0. 248 0 s 0. 144 -0.561 1
2 0. 294 0
3 0.378 0
4 0.487 0 ;
D 0.605 0
6 0.721 0
7 0,824 0
8 0. 909 0
9 0. 962 0
10 1. 000 0 1.102 0.101 0. 853 0. 091
151 1,000 0 1.102 -0.101
12 0. 969 0 1. 106 -0.104
13 0, 909 0
14 0, 824 0
15 0.721 0
16 0,605 0
17 0. 487 0
18 0,378 0
19 0. 394 0
20 0. 248 0 0. 144 0.561
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Table 1. Product of Taylor Distribution and Variable Complex Weights of
Figures 3a to 9a  (Contd)

Element Figure 6a Figure 7a Figure 8a Figure 9a
Amp Ph Amp Ph Amp bh Amp Ph

1 0. 188 -0. 161 0.184 -0. 160 ]
2 0F 22 0. 295 0. 288 0.052 0.306 0. 276

3 0.494 -0, 0490

4 i
5

6

T

8

Q O DINE 0. 043

10 i, 031 0. 955 1. 133 . 126
11 .05 -0, 055

12 0. 810 -0,043

13

14

i

it

1 0, 104 ), 060

18 0.306 -0, 276 |

19 1,252 =0, 295 9, 184 0. 160 |
20 i 0. 161 |

S —

300 NULLING WITH SUBARRAYS

If the sntennn has subarens s, then the number of adaptive elements can be
reduced by placing o variable comples weight at the output of cach subarrav,
tgure 10 shows o dtogran, of mear array with N elements divided into T sub

3

rravs, Y antenna h N phase shifters and fixed aniplitude weights, and T time
defavs and variable complex weights,  The suburrays naay or may not contain an
equal numiber of elements.  voth cases will be considered,

The quiescent avray weights are given by

w 1 exp|-jkd u ). (15}
n f

ol b




PHASE
/) e TERs
AMPLITUDE
9y az ay O | WEIGHTS
0o 090 j
> (2) £
; ADAPTIVE
T+a, +ifB3 1 +a;+iB,; © & © I+ar+iBy WEIGHTS

3 8, Ea ;IE"LEAY

Yigure 10. N Element Linear Arvray With T Subarrays and an Adaptive Weight
at Each Subarray

A uniform plane wave incident on the aperture induces a signal level at cach element
represented by
E a_exp([jkd (u-u = o 3hy soap Moo 16
n - Apexplikd (u-u)] , 2 : (16)

These weights arve added together at the subarray level to give T different outputs,

St = Z a_ expljkd (\1-115)] R
q=Q, 1 E

Qt: set of indices of the element in subarray t




In turn, the T subarray outputs are added together to give one output signal. Under
quieseent conditions (at =,8t = 0), the far field antenna pattern is
T

Sw = 2, 2, a_ explikd (u-u ). (18)
t=1 qut q q

The variable eomplex weights are adjusted to ereate M nulls in the far field

pattern at angles Gm(m =1,2, ..., M). The new far field pattern is given by

T
S’y =0 = Z:l ZQ (1+ a, + jBt) aq exp[j(kdq(u-us)] 5 (19)
4= q=
t

The far field pattern, S’(u), has M nulls at § = 0 e
-

Su_) = 0= 2, Z (t+a,+jiB,)a exp[jlkd (u_-u N]. (20)

m t=1 q=Q 2 t g g m s

t

Rearranging this equat.on to put it in the form of M simultaneous equations with T

unknowns on the left side and M known quantities on the right yields

i Z ( ig ) jlkd ( )) (21)
a (o, + 3 -
t=1 q=Q, q'®* I8 ) explitiedgluy, —ug ]
L
= - L Z a_exp[jkd (u_-u N]. (22)
=1 q-Q, q qg m s

As in the previous section, these equations may be put into the matrix form
AX = B and solved using a least mean square fit.

Z aq exp j[kdq(ul-us)]} Z aq exp% j[kdq(ul-us)]}

a=Q 4=Qp
A =
{ . = i o
Z a_ exp ) jlkd (u udlt... Z a_exp! jlkd (u u )]
Lq=(gl q | q m s $ q=(QT q { q m S }J
(23)
al + JB]
A . (24)
(yT+ jﬁT

26




- i =
- a_exp § jlkd (u, -u,))]
t= 1 qut q Gy T 2 }
B = . . (25)
>
- a_exp {ikd (u_-u)]
t= 1 q=(2t q ; q m s }

The X matrix is given by kq. (11) and the Y matrix by kEq. (13). Solving for X leads

to the following values for @ and g ¢

Wy
a Z ; v _a cos{d (u -u Y+z a sin[d (u -u_M } (26)
t = “m q qg s m m q g s m
m=1q ()[
Al
y . 5
s 9 E 3 - -+ bt ] = .
’ ) 2 b ¥ ¥ sm[dq(uS u Mz 2 u)s[dq(uS um)]} (27)
i Ul q-()t

These values of the complex variable weights produee nulls in the subarray antenna's
far field pattern.

The computer model was an array with 20 elements and a -30 dB, n = 4 Taylor
distribution. Several different subarraying configurations were tried. The first run
had only two subarrays (Figure 1la). In every case nulling in the desired direction
wuas adequately achieved., Figures tla to 189b show the results of nulling with sub-
arrays. The caneellation beam tended to signifieantly enhance some sidelobes, while
significantly reducing others. Symmetry created a real Y matrix, hence the an-
tenna's pattern's nulls were not filled in.

Splitting up the subarravs so that one eontained more elements than the other,
degraded the far field pattern.  The Y matrix is no longer real and the canecellation
beam and quescent pattern add to zero at only a few points. I'igure 13a shows the
results of nulling with two subarrays, one with 8 elements and the other with 12
clements, Pattern distortion gets progressively worse as the subarray imbalance
gets worse.,

Varying the number of subarrays and number of elements in a subarray pro-
duced considerably different results. In all cases the more subarrays, the better
the results, This coneluston makes sense, because the number of controls increases
with the number of subarrays., A sc¢cond way to improve nulling results is to have
an equal number of elc ments in every subarrav. IMinally, having symmetrical sub-
arrays with equal number of elements produce better results than unsymmetric sub-
arrays. Figures 14a to 16b demonstrate the above observations. Table 2 lists the
subarray weights for Figures 1la to 16a.
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The null's angular location determines the distortion of the quiescent far field
pattern. For instance, a null placed at the peak of a quiescent pattern sidelobe
produces more distortion than a null placed near a null in the quiescent pattern.

This type of distortion makes sense because more power is needed to cancel a high
sidelobe value than a low sidelobe value. The cancellation beam must be raised to |
the level of the quiescent pattern in the direction of the desired null to produce can-
cellation. The higner the level of the quiescent pattern, the higher the cancellation
beam is raised. Raising the cancellation beam at one point raises it at all points.
Thus, the cancellation beam has more impact on the quiescent pattern at all angles,
This type of distortion occurs in fully adaptive arrays as well as partially adaptive
arrays.

IFigures 17a to 17b demonstrate pattern distortion that is dependent upon the
sidelobe level of the quiescent pattern. A twenty element uniformly weighted aperture
with four equal subarrays was used in these examples. At 10° the quiescent pattern
is =18 dB below the peak of its main beam. In order to produce a null at 10°, the
cancellation beam is raised to match the quiescent pattern at that angle. The level
of the entire cancellation beam goes up. As a result, the sidelobes and mainbeam
of the quiescent pattern are distorted. The reduction in the main beam gain is due
to 14.4 percent reduction in the amplitude of subarrays 1 and 4 as well as the phase
changes of each subarray (scce Table 21,

Figure 19a shows the results when the null is placed at 11° instead of 10°, The
quiescent pattern at 11° is -27 4B below the peak of the main beam. Nulling at 11° ;
has no noticcuable cffect on the gata of the main beani. The reason (Figure 19b) is W
the cancellation beam is only raised to the level of the quiescent pattern at 11°,
Since this level is considerably lower than the pattern ievel at 10°, the resulting j
pattern distortion is less.

Subarray nulling produces an additional distortion not found in nulling with 3
selected elements. The distortion occurs because the cancellation beam has a
limited scan. (onsequently, the cancellation is usually done with the sidelobes of
the cancellation beam., Raising the sidelobes of the cancellation beam to the level
of the quiescent pattern also raises the peak of the cancellation beam. Since the
peak is somiewhere in the vicinity of the main beam, main beam distortion results.

Nulling with selected elements uses the peak of the cancellation to match the

4
b
9
|
1
2
;
b
A

quiescent pattern in the direction of the desired null. As a result, the cancellation
beam's sidelobes produce little changes to the quiescent pattern. This fact is evi-
dent in the results shown in the previous section.

Table 2 shows the amplitude and phase settings for the subarray variable complex
weights in lI'igures 17a-19%a. Notice the large amplitude and phase deviations required
to place thenull at60°, The quiescentpattern is -27 dBbelow the mainbeamatboth 11°
and 60°. Since the nullat11° is produced by a peak in the cancellationbeam, less
distortion results. Ontheother hand, thenullat60° is generated by a sidelobe of the can-

cellation beam and significant distortion results.
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Figure 12a. Far Field Pattern Resulting 'rom
Adaptive Controls at 4 Subarrays (5,5,5,5
elements) and a Jammer at 33°
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I"igure 12b. Cancellation Beam Superimposed
on Quiescent Pattern for Adaptive Controls at
4 Subarrays (5,5,5,5 elements)
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Figure 13a. Far Field Pattern Resulting From
Adaptive Controls at 2 Subarrays (8, 12 elements)
and a Jammer at 33°
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I'igure 13b. Cancellation Beam Superimposed
on Quiescent Pattern for Adaptive Controls at
2 Subarrays (8, 12 elements)
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Table 2. Variable Complex Weight Values for Figures 1la to 19a

Variable Complex Weights

Number of Elements

Figure Subarray in a Subarray Amplitude Phase
lla 1 10 1. 000 0. 208
2 10 1. 000 -0. 208

12a 1 5 0. 902 -0. 208
& 5 1. 000 0. 100

8 5 1. 000 -0.100

4 5 0.902 0,028

13a 1 8 1.028 -0.217
2 12 0.912 0. 246

14a 1 2 0.838 0.049
B 8 1. 000 0.164

3 8 1. 000 ~0. 164

4 2 0. 838 -0.049

15a 1 2 0. 915 0.025
2 4 0. 960 0. 058

3 6 1. 000 -0.177

4 0. 976 0. 099

16a 1 5 1. 000 ~0.454
2 5 0.832 0.071

3 5 0.832 -0.071

4 5 1. 000 0.454

Y 1 5 0. 857 -0.170
2 5 1. 000 0. 175

S 5 1. 000 S(0S)5)

4 5 0. 857 0.170

18a 1 5 0. 980 -0.071
9 5 1. 000 0.071

3 5 0. 980 -0.071

4 5 1. 000 0,071

19a 1 5 1.000 -0.418
2 5 0.602 -0. 341

3 5 0.602 0. 341

4 S 1. 000 0.418

I’hase in radians




t. NULEING AT THE FEED OF A SPACE FED LENS

Nuatling at ¢l 1 space fed lens is similar to nutling at the subarravs of

i antenna, » space fed lens antenna is a form of subarrvaying, Each element

e feed ) s power to each element in the lens. Tlis arrangemen ean

he entire lens is a subarray jor every leed elenient. in other words, the number

1 etements in the lens equals the uber of etements in a subarrav, The tern
totally overtapped subarravs' describes this figuration,
FFigure 20 shows a diagram of a space ted lens, Both the feed and the lens are
inear arrays elements. e tens has N elements und the feed T
vl Jik Everv lens element has a variable phase shafter for steering the main
el 1d it . thea re N fixed phase shifters to correct for the spherical
10 e feed, No i wiva ble amplitude weight t at the lens,
\ yliturdde et ¢ r low ielobes s done at the {ved.
o

— e b e

(o]
o} (o}
Zoqr‘jBr o

4

>—{cn

Figure 20, Space “cd L.ens With an N Element f.ens and T filement Feed




The feed has two sets of complex weights. The first set has fixed values for

producing a low sidelobe distribution for the lens. The second set is variable for
nulling. These weights are adjusted to produce a null in the far field pattern of the
antenna in some desired direction.

The expression for the far field pattern of a space fed lens is slightly more
complicated than the other antenna configurations discussed so far. Since the
antenna is reciprocal we can pretend it is transmitting or receiving to derive its
quiescent far field pattern. In this case we will say the antenna is transmitting.

The field distribution on the back of the lens at lens element number n is given bv

S a—te\:[-'ole(['kl{ ] (28)
n R XPL=) 9y XpU nt
t=1 nt
M distance between feed element t and lens element n (in A),
a - fixed amplitude weight at feed element t,

dl - fixed phase weight at feed element t.

The signal Sn passes through the fixed phase shifters (‘n in the lens that correct
for the spherical phase front. In addition, the variable phase shifters impose a
linear phase shift kd u_ across the array to steer the main beam. When the signal

reaches the front side of the arrav, it has a valne of

i
a
3l LI 2 ! ol el Lk 20
S, tz:l K « xp[.l(kRm ot” exp| -1(C " r\dn UF)] (29)
i)
= Z i— exp[j(kR o -C kd u)] (30}
= l{m XPU nt t n ns°° -

Taking these weights and transforming to the far field leads to 1£gq. (31),

N T\
S(u) Z Z
1t

n

a
t ) 1 E LIET
i R_;{ exp[J(kl{m kdnu o, ( ; k il us)] 5 (3

This equation changes in the presence of jammers. Now, the complex variable
weights are adjusted to put nulls in the directions of the jammers. The new antenna

pattern is zero at the angles Bl




N T
S'tu_) = D I iy +ip)exp[j(kR , +kd u_ -6 -C_-kd u) =0
m s R t ©iPy expl nt nm t n ns
n=1 t=1 nt
(32)
Ni I
Z z i @ +jp) exp[i{R  +kd u -0 -C_ -kd u))
e T JBy)expltR g, n m t n n s

N T a
t
- z: E —— exp{jtk R+ kd u_ -9 -C_ -kd u)]. (33)
gl o ant nt n m t n n-'s

Fquation (23) can be put in the matrix form AX = B where

[ N N 7
Z énl epr(nlll Z o0t exp[j(nTI]
n=1 n=1
A = : : (34)
N ' N
Z Ony oxPLit 1pg) --- Z O eXPLIC gy
n=1 n= ]
F (yl G '}’
- (35)
@, j,?I
[ N T T
2 2. 6 explie )
ST = nt ntl
I | (36)
BT
: nzl tzl 6m (‘.‘(D(ifmm)
(lt
N (37)
nt Rnt
Entm N kRnt - k\'lnum i ot o n I“ln Pl © (38)
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These equations are solved using a least mean square solution,

Y = (.—\AT)'1 B (39)

s - aly. (40)

Y is a complex vector with elements Sl jz The unknown values for (Yt and ;it

m’
are given by

M N
= Z Z énl [ym COS((nlm) m Ak nlm)] GaY
m=1 n=1
M N
'it mzl HZ‘ 6nl [-'ym R nlm) . *n sl nlm)] : (R

The space fed lens simulation had a 20-element lens and an f/d of one. Fig-
ure 2la shows the results of nulling with a two-element feed. Pattern distortion
decreases as the number of feed elements increases. Note that the cancellation
beam has a peak in the main beam of the quieseent pattern, The subarray distortion
tiscussed in the last section applies here too. This causes problems when the
number of jammers is almost the same as the number of feed elements, The can-
cellation beam: takes away substantial gain from the quiescent pattern's main beam.
The results from nulling at the feed of a space fed lens are shown in Figures 21a-23b
and Table 3.

Partial adaptive nulling is a feasible approach to nulling in veryv large arrays.
The number of adaptive controls depends upon the interference. The more jammers
and wider the system and jammer instantaneous bandwidths, the more adaptive
controls that are necded to provide adequate cancellation. In most cases, a fully
adaptive arrav is an overkill and a partially adaptive array provides the necessary

nulling with a small amount of pattern distortion,
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Table 3. Variable Complex Weight Values for
Figures 2la to 23a

Variable Comiplex Weights

I"eed
Figure Llement Amplitude Phase
21la i 0.773 3.121
2 1. 000 -0.016
228 1 1. 000 -0. 085
H 0.693 0.033
3 0.603 0.125
4 0. 906 -0.015
23a 1 0,883 -0.107
3 1.000 -0.002
3 0. 907 0. 095
4 0. 807 0.013

I’hase in radians

5. CONCLUSIONS

This report analvzed three different methods of nulling with limited degrees
of frecdom. {rom the theoretical viewpoint, nulling with selected aperture ele -
ments can produce better results than either subarrayving method, lowever, when
the number of jammers is much less than the number of adaptive controls, all three
techniques produce verv good results.

Svinmetry seems to be an important consideration when reducing the degrees of
freedon.  Svmmetrical adaptive elements and subarrays limit distortions to the
quiescent far field patterns. Unsymmetrical configurations tend to "fill in' the
pattern's nulls., Any symmetrical arrangenent produces real values for the far
field pattern, The real cancellation beam and real quiescent pattern periodically
add and subtract to give distinet nulls and peaks, Unsymmetrical configurations p
produce complex cancellation beams, Adding together the quiescent pattern and
cancellation beam produces a pattern with few distinet nulls, Thus, the sidelobes
f the new far field pattern appear very distorted,

Analyzing the cancellation beams provides insite to the nulling process., Both
subarraying techniques had cancellation beams with high gain in the direction of the
quiescent pattern's main beam. The more jamniers in the environment, the bigger
the gain of the cancellation beam. llenee, the antenna's gain degraded. When nulling
was performed with selected elements, the peak of the cancellation beam was in the

directionofthe interferenee. Inthisway, little gainwastakenaway from the main beam,
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